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Key Points 

Mass balance procedures are accurate, reliable and 
appropriate to determine renewable gasoline and 
diesel yields attributable to the addition of biomass 
pyrolysis oils in FCC co-processing operations, 
particularly for bio-oil addition under 10%. 
 
14C is not an accurate or reliable method to 
determine renewable gasoline and diesel yields 
attributable to the addition of bio-oil  in FCC co-
processing under 10% 
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Objective and Overview 

NREL-Petrobras CRADA Information. Do not cite or distribute. 

Assess the technical and economic feasibility of co-processing 
raw, pine-derived pyrolysis oil with fossil feedstocks in FCC 

operation to produce renewable hydrocarbon fuels. 

Refinery Operation:    
Fluid Catalytic Cracking  

(FCC) Unit 

Michael Talmadge, Helena Chum, Christopher Kinchin, Yimin Zhang, Mary 
Biddy,  Andrea de Rezende Pinho, Marlon B.B. de Almeida, Fabio Leal Mendes, 
Luiz Carlos Casavechia, and Barry Freel. Proceedings of the 2016 Symposium 
on Thermal and Catalytic Sciences for Biofuels and Biobased Products, Raleigh, 
North Carolina 
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Fluid Catalytic Cracking (FCC) Unit 

CO  CO2  H2O 
H2  CH4  C2H6  C2H4 

Propane, Propene 
Butanes, Butenes 
Light Cracked Naphtha 
 
 

Heavy Cracked Naphtha 
 
 
 

Light Cycle Oil (LCO) 
 
 
 
 
 
 
 
 
 

Bottoms Oil 

Flue Gas 

Coke 
(on catalyst) 

Regenerator Reactor 

Main 
Fractionator Gasoil Feedstocks 

Petrobras Vacuum Gas Oil (VGO) 
Specific Gravity       0.94 
SimDist 10% Boiling Pt.    630 F 
SimDist 90% Boiling Pt.   1,050 F 

PFD Source: CEP, May 2014 

U.S. FCC Capacity 

6 MM Barrels/Day 

92 B Gallons/Yr 

 

Global FCC Capacity 

15 MM Barrels/Day 

220 B Gallons/Yr 

FCC Conversion = 100 – LCO – Bottoms 

Air 

Steam 

Reflux 

Overhead 

NREL-Petrobras CRADA Information. Do not cite or distribute. 



5 

Scope of Py-Oil FCC Co-Processing Analysis 

NREL-Petrobras CRADA Information. Do not cite or distribute. 
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Raw Pyrolysis Oil Production TEA 

Minimum Selling Price Ranges 
for Raw Pyrolysis Oil 
(Feedstock Cost for FCC Co-Processing Analysis) 

400 Dry Tonnes / Day 2,000 Dry Tonnes / Day 

$2.00 – $2.10 / Gallon 
($84 – $88 / Barrel) 

$1.20 – $1.42 / Gallon 
($50 – $60 / Barrel) 

• TEA parameters are consistent with those applied for BETO-funded analysis per MYPP. 
• Capital and operating costs estimated based on PNNL 2013 Fast Pyrolysis Design Report (Report No. PNNL-23053) from Jones et al . 
• Raw, filtered and stabilized pyrolysis oil with oxygen content of ~50 Wt%, specific gravity of 1.2, moisture content of 25% with organic yield of 60 wt%.  
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 FCC unit capacity  

for analysis is  
50,000 Bbl / Day 

400 DMTPD Biorefinery 
Feeds FCC at ~5Wt% 

2,000 DMTPD Biorefinery 
Feeds FCC at ~20 Wt% 

NREL-Petrobras CRADA Information. Do not cite or distribute. 
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Experimental Py-Oil Co-Processing Data  

• Feed nozzles 
• Riser cyclone 
• Packed stripper  

Co-Processing Experiments 
• Two pine-derived pyrolysis oils with 

consistent physical properties  
• Mass balance range of 96 – 100% 
• 3-hour test runs  
• Cumulative time w/ py-oil  > 400 hours 
• Up to 20 wt% pyrolysis oil in FCC feed 
• 54 experimental data points 

Petrobras “SIX” demo unit has same 
hardware as a commercial FCC  
 • Heat balanced 

• Mass flowrate: 200 kg/h 
• Riser:  L=18 m, d= 2” 

Fuel Processing Technology 131 (2015) 159-166 

Fuel 188 (2017) 462-473 

NREL-Petrobras CRADA Information. Do not cite or distribute. 

file://cenpesfs01/cenpes/Assistente/Apresentações/Documents and Settings/bv13/Desktop/PROFex4res.ppt
file://cenpesfs01/cenpes/Assistente/Apresentações/Documents and Settings/bv13/Desktop/PROFex4res.ppt
file://cenpesfs01/cenpes/Assistente/Apresentações/Documents and Settings/bv13/Desktop/PROFex4res.ppt
file://cenpesfs01/cenpes/Assistente/Apresentações/Documents and Settings/bv13/Desktop/PROFex4res.ppt
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Experimental Py-Oil Co-Processing Data  

VGO Feed 

Py-Oil Feed 

Reactor 

Regenerator 

2 

3 

1 

1.Pyrolysis oil in FCC feed 
2.FCC reactor temperature 

Experimental Variables: 

3.VGO feed temperature 

FCC Conversion  = f (1,2,3) 

NREL-Petrobras CRADA Information. Do not cite or distribute. 
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Experimental Py-Oil Co-Processing Data  

JMP Software for correlation development 

Oxygen Species Refinery Fuels  LPG Products Liquid Products 

CO   CO2   Water Dry Gas (C2-) Propane  Propylene Cracked Naphtha 

Coke  i-Butane   n-Butane Light Cycle Oil (LCO) 

Butenes Bottoms Fuel Oil 

Correlations 
in FCC Yield 

Model 

NREL-Petrobras CRADA Information. Do not cite or distribute. 
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Petroleum Feed and Product Pricing Basis 

Feed and product prices for 
TEA vary with crude oil price 

• West Texas Intermediate 
(WTI) benchmark 

• Feed and product prices are 
functions of WTI price 

• Basis for values of Octane 
and Cetane 

• Enables TEA across range of 
$40 to $100 / barrel 

 
Source of Pricing Data: OPIS International 
Feedstocks Intelligence Reports 
(http://www.opisnet.com) 

NREL-Petrobras CRADA Information. Do not cite or distribute. 
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TEA Results – Pyrolysis Oil Breakeven Value 

Breakeven Analysis 
•   Revenue equals cost at the “Breakeven Point” 

• “Pyrolysis Oil Breakeven Value” = f (value of products) 

•   Profit can be realized when cost < “Breakeven Value” 

Raw Py-Oil TEA 

400 Dry Tonnes / Day 

$84 – $88 / Barrel 

2000 Dry Tonnes / Day 

$50 – $60 / Barrel 

Near-Term Profit Potential (5%) 

Mature Tech. Profit Potential (10%) 

NREL-Petrobras CRADA Information. Do not cite or distribute. 
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TEA Results – Pyrolysis Oil Co-Processing Value 

“Why would anyone co-process more than 5 Wt%?”   

Technology improvements 
translate to increased  
co-processing incentives 

FCC co-processing incentive 
=   $ / Volume x Volume  

NREL-Petrobras CRADA Information. Do not cite or distribute. 
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Potential Impact of FCC Co-Processing 

United States Global 

FCC Processing Capacity (Bbl / Day) 6.0 Million 14.6 Million 

Biofuels at  5 Wt% Pyrolysis Oil (B-GGE / Year) 1.0 – 2.8 2.4 – 6.8 

Biofuels at 10 Wt% Pyrolysis Oil (B-GGE / Year) 2.0 – 4.4 4.9 – 10.7 

Biofuels at 20 Wt% Pyrolysis Oil (B-GGE / Year) 5.0 – 6.3 12.1 – 15.2 

Potential for 10+ Billion 
Gallons (GE) (40 B-Liters) 
biofuels per year with 10% 
pyrolysis oil in FCCs.  

IRENA Renewable Energy Roadmap 2016 

NREL-Petrobras CRADA Information. Do not cite or distribute. 
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Conclusions and Next Steps for Analysis 

Conclusions (based solely on NREL-Petrobras experiments, models and TEA) 

• Co-processing up to 5% is economically feasible in near-term 

• Co-processing up to 10% is economically feasible with progress in 
industry and technology 

• Significant impact on TEA from lowering capital hurdle 

• U.S. and global FCC capacities enable opportunity for substantial 
biofuels production 

Next Steps 

• Publish complete analysis results  

• Pyrolysis R&D to reduce bio-oil cost 

• Refining R&D to maximize value 
o FCC feed hydrotreating 

o Hydrocracking 

o Different bio-oils 

o Resid FCCs 

Pyrolysis R&D 

Refining R&D 

NREL-Petrobras CRADA Information. Do not cite or distribute. 
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Discussion on renewable product allocation 
methods for FCC co-processing for  
CARB Co-Processing Kick-Off Meeting  
(December 13, 2016) 

NREL-Petrobras CRADA Protected Information. Do not cite or distribute. 
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Carbon-14 Analysis by ASTM D6866-16 
Method based on C-14 results from NREL-Petrobras CRADA and additional data points 
from Petrobras literature using test method ASTM D6866-16.  This method allocates 
mass of renewable carbon percent over total carbon (fossil and bio). 

Assessed Product Allocation Methods 

NREL-Petrobras CRADA Protected Information. Do not cite or distribute. 

% Bio-Products =  Bio-C by ASTM D6866 -16                                             

Py-Oil Liquid Product Yield = Overall Yield – (VGO-Only Yield * VGO%) 

       Py-Oil Liquid Product Yield 
% Bio-Products =                                                         * 100 
                                   Overall Liquid Product Yield 

Observed Yields from Co-Processing Experiments and JMP Model 
Method based on the observed yields from the experimental data assuming that the 
yields from VGO processing remain constant.   In addition to the product-carbon from 
the pyrolysis oil, this method also allocates the VGO-carbon in products that were 
not present in VGO processing.  For example, if a VGO-carbon yields coke for VGO 
processing and yields liquid product during pyrolysis oil co-processing, it is allocated 
as bio-carbon.   
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Fluid Catalytic Cracking (FCC) Unit 
PFD Source: CEP, May 2014 

NREL-Petrobras CRADA Information. Do not cite or distribute. 

Gaseous 
Products 

Liquid 
Products 

Coke 
Combustion  
Products 

Carbon  
Sources 
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•Using C-14, VGO C-efficiency to liquid products increases with 
5-wt% co-processing from 85.5% to 86.7% 

•Py-oil gets c-efficiency credit of 32% 

•Carbon-14 does not tell the whole story 

•Carbon-14 may not account for full GHG  
  reduction benefit 

C-Balance Example Based on Carbon-14 

PFD Source: CEP, May 2014 

NREL-Petrobras CRADA Information. Do not cite or distribute. 

Carbon Sources 

Gaseous + Coke Products 

Liquid Products 

VGO Only 5-wt% CP 

Fossil 1000 960 

Bio 25 

Total 1000 985 

VGO Only 5-wt% CP 

Fossil 855 832 

Bio  8 * 

Total 855 840 

VGO Only 5-wt% CP 

Fossil 145 128 

Bio 17 

Total 145 145 

* Carbon-14 by ASTM D6866-16 

Note: Carbon balance examples represent rounded yield  
approximations from experiments and models from the 
NREL-Petrobras CRADA for illustrative purposes.  Full 
analysis details are presented in in-progress manuscript. 
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•Calculates the overall observed impact of co-processing relative to 
base VGO-only yields (which would exist without co-processing)  

•Captures full GHG reduction benefit and allocates to bio-oil 

•C-efficiencies are: VGO 85.5% / Bio-Oil 76.0%  

•Refiners have more incentive to pursue 
  bio-oil co-processing 

C-Balance Example Relative to Base-VGO Yields 

PFD Source: CEP, May 2014 

NREL-Petrobras CRADA Information. Do not cite or distribute. 

Carbon Sources 

Gaseous + Coke Products 

Liquid Products 

VGO Only 5-wt% CP 

Fossil 1000 960 

Bio 25 

Total 1000 985 

VGO Only 5-wt% CP 

Fossil 855    821** 

Bio 19 

Total 855 840 

VGO Only 5-wt% CP 

Fossil 145 139 

Bio 6 

Total 145 145 

** Set based on VGO-Only C-efficiency 

Note: Carbon balance examples represent rounded yield  
approximations from experiments and models from the 
NREL-Petrobras CRADA for illustrative purposes.  Full 
analysis details are presented in in-progress manuscript. 
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Mass Balance on FCC Unit 

NREL-Petrobras CRADA Information. Do not cite or distribute. 

•Commercial FCC units are already equipped for yield  method 

•Flow rates measured and monitored continuously. 

•Compositions / qualities are analyzed continuously or 2 x per day. 

•Daily mass balance closures of ±2 % expected by management. 

•Elemental balances often monitored as well.   

Examples of FCC Trends 
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Method Results and Uncertainties 

NREL-Petrobras CRADA Information. Do not cite or distribute. 

ASTM Uncertainty    
± 3% absolute  

90% confidence interval 
assessed for yield method 

with experimental data 

Optimized commercial FCCs are likely to 
provide lower uncertainties due to tight 
control and unit monitoring. 

Repeatability 
2.5% relative 
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NREL and Petrobras have extensive FCC co-processing experience using Ensyn's bio-oils 

• NREL experience in high precision renewable diesel and gasoline analysis from 
coprocessing bio-oil (Beta Analytic ASTM D6866-16  method B) indicates:  

o Bio-oil in diesel is detected with high repeatability because the SwRI base fuel 
included biodiesel in the base blendstock.  
14C = Renewable carbon is present qualitatively!  

o Bio-oil in gasoline is detected as a very small signal with good repeatability.   

o ASTM uncertainty: 14C % ± 3% (absolute) - inherent  

o Qualitative methodology unless samples with 14C  >5% renewable C over total C 

• NREL concludes on yields of renewable gasoline and diesel from FCC  co-processing:  

o Mass balance procedures are accurate, reliable and appropriate to determine 
renewable gasoline and diesel yields attributable to the addition of bio-oil in FCC co-
processing operations, particularly for bio-oil addition under 10%.  

o 14C is not an accurate  or reliable method to determine renewable finished gasoline 
and diesel yields attributable to the addition of <10 wt.% of bio-oil in FCC co-
processing.   

 

Summary DRAFT 

These results of the Petrobras/NREL CRADA are being written up  
for submission in peer-reviewed publications.  
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Atmospheric Correction Factor (ACF)   
one more source of uncertainty [2] 

 
[1] Nadeau & Grootes, “ Calculation of the compounded uncertainty of 14C AMS measurements”, Nuclear Instruments & 
Methods in Physics Research B 294 (2013) 420–425. 
[2] Ramani Narayan, http://www.soybiobased.org/assets/content/documents/Narayan_Presentation_ASTM_D6866-16.pdf 

 
AMS 14C measurement compares the 
14C/12C ratio of an unknown sample to that  
of a known standard, expressed in percent 
Modern Carbon (pMC). 
 
The raw data, the 14C counting rate and 12C (or 
13C) current of the unknown undergo several 
calculation steps, each with its own uncertainty:  
• a comparison to the 14C/12C ratio of a known 

standard,  
• an isotopic fractionation correction,  
• a machine background subtraction,  
• a process blank subtraction. 

 

   Percent Biogenic Carbon= 
  pMC divided by 101.5 (ACF) 
 

Compounded uncertainty of  
14C AMS measurements [1] 

   Coprocessing produces low 14C content samples [3]! 
Biobased products have much higher contents [2] 

AMS=Accelerated Mass Spectrometry 

[3] Pinho, A.R., de Almeida, M.B.B., Mendes, F.L., Casavechia, L.C., Talmadge, M.S., Kinchin, C., Chum, H.L. “Fast pyrolysis oil co-
processing from pinewood chips with vacuum gas oil in an FCC unit for second generation fuel production,” Fuel, 188 (2017) 462-473.  
Open access at http://dx.doi.org/10.1016/j.fuel.2016.10.032  

annuals 

Trees-how old? 
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Differences between Accuracy and Precision 

Scott, E.M. et al., ERROR AND UNCERTAINTY IN RADIOCARBON MEASUREMENTS,  Proceedings of the 19th International  
14C Conference, edited by C Bronk Ramsey and TFG Higham RADIOCARBON, Vol 49, Nr 2, 2007, p 427–440 
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uncertainty 
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